In addition to the currently known allosteric effectors, many unidentified allosteric proteins and/or effectors are predicted [3] . Given the central role that allostery has in biology, modulating allosteric responses holds promise for drug design. Indeed, the current pharmaceutical interest in developing allosteric drugs is being driven by the natural specificity and selectivity profiles and concentration-independent limits of allosteric regulation [4] [5] [6] [7] . However, there is a paucity of information on precise molecular mechanisms by which proteins are allosterically regulated, a deficiency that prohibits the full potential of rational drug design.
The current challenge to understanding allosteric mechanisms is the correlation of allosteric function with relevant protein structural (conformational and/or dynamic) changes. Unfortunately, a growing number of phenomena are described as 'allosteric' (Box 1), which, in turn, confuses the necessary correlations between structure and function. In my (and others') opinion, this confusion arises from the commonly used definition that allostery is any ligand-induced change in protein conformation and/or dynamics. This definition does not account for the functional characteristic of allostery (one ligand altering protein function involving a second ligand) that was introduced in the preceding paragraph. Furthermore, this misleading definition implies that mechanisms of allostery can be completely revealed by structural studies comparing only two protein complexes, one with an allosteric effector bound and one with no effector bound [8, 9] . Moreover, there is often no discrimination between whether the substrate is or is not bound in the latter complex. Structural differences between these two complexes probably do not identify all changes that are important to allosteric function, thereby providing an overly restrictive view of allostery. Moreover, assigning all structural differences between these two complexes as 'allosteric' does not distinguish between changes that are and are not part of an allosteric mechanism, thus yielding an under-restricted view of allostery. Given these problems, inconsistencies in the terminology used to describe allostery are also common. These discrepancies have prompted this overview of the fundamental concept of allostery and associated terminology (see the Glossary) with the intent of aiding future correlations between structure and function aimed at defining allosteric residues within a protein. Other common concepts that limit a molecular understanding of allostery are discussed at length in Supplementary Table 1 .
Identifying allostery: functional signature and structural correlation As a reminder, allosteric regulation is classically defined by three characteristics: (i) the effector (X) is not chemically identical to the substrate (A), (ii) the effector elicits a change in a functional property of the protein (E) and (iii) the effector binds at a site on E that is topographically distinct from the active site. In enzymology, systems that demonstrate altered substrate affinity upon effector binding are referred to as 'K-type' systems, and those with altered catalysis (k cat or V max ) are described as 'V-type' systems [10] . K-type systems are the most commonly studied and, consequently, are the focus of this overview.
Consider a functional view of allosteric regulation. In a K-type system, the affinity of a protein for one ligand (e.g. substrate; A) is altered when the protein has a second ligand bound (e.g. effector; X). Binding of A to an E in the absence of an X requires two protein species: E @ EA It follows that in the saturating presence of X, two additional protein complexes must be considered:
EX @ XEA Analysis of the linked equilibrium (linkage analysis) that comprises allosteric regulation considers all four enzyme complexes in a thermodynamic energy cycle [11] [12] [13] [14] [15] [16] [17] [18] , as shown in Figure 1a . If the system is allosteric, the binding of A must change in the presence of X (K ia 6 ¼ K ia/x ). Therefore, the free energies of the two binding events represented by these constants are different. However,
Box 1. Comparing definitions of allostery
The current literature contains several inconsistent definitions of allostery (listed here). These definitions share features of energetic coupling and protein structural changes, but differ in other respects as detailed here:
Energetic coupling between two binding events [2, 11, 12] . This is the original definition and the basis of my discussion.
Energetic coupling between a protein structural change and a binding event [10, 15] . This definition is in common use [31] , but, as presented in the main text, could misguide structural studies aiming to understand functional regulation. Ligand binding most often modifies protein structure. However, additional structural changes caused by binding of a second ligand are also expected to contribute to the allosteric mechanism (see Figures 1 and 2 in the main text). Therefore, structural changes elicited by binding of a single ligand cannot account for all of the changes necessary for functional regulation. It is this functional regulation that influences biology sufficiently to be designated 'the second secret of life'. 'Induced-fit' and/or 'conformational selection', instead of allostery, describe single-ligand-induced structural changes, whether changes are local or long-range [32] . Energetic coupling between a covalent modification and a binding event [2, 33, 34] . A covalent modification cannot be considered as a ligand that undergoes binding; however, there are obvious parallels that can be drawn. Energetic coupling between an amino acid side-chain of the protein and a binding event [35] . Mutations of amino acid residues are not relevant to regulation in the 'normal' biological system. Furthermore, a mutation might influence any of the other scenarios listed here. Non-additivity of mutant cycles (i.e. energetic coupling between two amino acid side-chains) [36] . Although accurately applied to date [36] , without additional constraints this definition includes energetic coupling events relevant to protein stability. Mutual influence between two substrates binding in the same active site [37] . Because of potential direct interactions of two substrates, this scenario is excluded from allostery [2] .
Given the considerations listed, I return to the first definition, which is also the functional basis for the original articulation of allostery [2] . As such, allostery occurs when one ligand binds to a protein differently in the absence, versus presence, of the second ligand. Thus, allostery is a subset of energy-coupled events in a protein, but not all energy-coupled events are allosteric. In addition, most of the scenarios listed here could involve long-range structural changes in the protein. Therefore, allostery can involve long-range structural changes, but not all long-range structural changes elicited by ligand binding are allosteric.
Opinion
Trends in Biochemical Sciences Vol.33 No.9 the four binding constants in Figure 1a are not independent because the free energy of the conversion of E to XEA must be independent of whether X or A binds first [11] . The difference between the free energy of binding of A to E in the presence, versus absence, of X quantifies the allostery. Because free energy values are related to binding constants through a logarithmic function, the relevant difference becomes a ratio of dissociation constants. Therefore, the relationship between dissociation constants that defines the allosteric coupling constant (Q ax ) is:
If Q ax >1, the allosteric effector causes increased affinity of the protein for A. If Q ax <1, the allosteric effector causes decreased affinity of the protein for A. If Q ax = 1, there is no allosteric coupling between A and X. Because Q ax is a ratio of dissociation constants, the magnitude of Q ax is independent of any one dissociation constant (Box 2). Simply summarized, Q ax is a comparison for how one ligand binds in the absence of versus the saturating presence of the second ligand.
To correlate protein structural changes with allosteric function, it is necessary to identify protein structural (conformational and/or dynamic) changes that occur when the first ligand binds in the absence of the second ligand and that differ from changes that occur when the first ligand binds in the presence of the second ligand. A structural characterization of protein changes associated with a ligand binding event requires the comparison of protein structures for two enzyme complexes (the E/EA pair or the E/EX pair). It follows that a structural comparison aimed at understanding allostery (a comparison of two binding constants; see Equation 1) must include comparisons of protein structures for four enzyme complexes (Figure 1b) . Restated, structural changes in E that occur when either A binds or X binds are because of ligand binding. Importantly, these non-allosteric changes are not limited to the ligand-binding site. Allosteric changes are a consequence of both A and X being bound simultaneously to E. Advanced considerations regarding the relationship between Q ax and structure are presented in Box 3.
Focus on the ternary complex Based on the discussion here, allostery is only realized in the ternary complex. To illustrate this concept, consider the oversimplified enzyme in Figure 2 . When A binds to the active site of E in the absence of X, structural (conformational and/or dynamic) changes occur. Structural changes that are not important to allostery are indicated by the change in the perimeter of the protein. The allosterically relevant change is represented by a shift in the lever in the central circle. However, this lever shift alone is The strategy outlined in the text to distinguish allosterically relevant structural changes stresses the correlation of changes with the magnitude of the parameter Q ax . Therefore, a brief review of methods for measuring Q ax is warranted. One established method is to monitor the affinity (or apparent affinity, K a-app , derived from initial velocity techniques; see Ref. [13] ) of the protein for one ligand as a function of the concentration of the second ligand [12, 16] . On a log-log plot, the allosteric coupling is the difference between the upper and lower plateaus ( Figure I) . Although other methods for evaluating Q ax are being developed for systems that use a single substrate and a single effector [38] , they have not been adapted to more complex systems [13, 14] .
Because the allosteric coupling is a comparison of dissociation (or affinity) constants (Equation 1 in main text) , it is independent of either the substrate affinity in the absence of effector or the effector affinity in the absence of substrate. Therefore, when an allosteric system is perturbed (e.g. introduction of mutations or modification of ligand), the varied experimental conditions might alter the ligand affinities, allosteric coupling or both [19, 26] . This is graphically exemplified in Figure I , in which curves A, B and C share a common Q ax value. Curve D represents a condition with an altered value of Q ax . Figure I . Model data. These model data demonstrate potential changes that could result from modifying the allosteric effector, mutating or covalently modifying the protein and/or changing temperature, pH or other solution conditions. Curve A is the reference line. The allosteric coupling (Q ax ) for curve A is represented by the double-headed arrow. Although compared with A, B has a tenfold decrease in effector affinity in the absence of substrate and C has a tenfold decrease in substrate affinity in the absence of effector, A, B and C have equivalent allosteric coupling. D has a tenfold change in allosteric coupling compared with A. Figure 1 . Thermodynamic energy cycle of allostery. Allostery can be analyzed as a thermodynamic energy cycle. This analysis demonstrates that a structure-function correlation aimed at understanding the allosteric mechanism must consider four enzyme complexes. Each enzyme complex might be a single protein conformation, an equilibrium of a limited number of conformational substates or an ensemble of conformational substates (a dynamic structure). (a) The energy cycle for an enzyme (E) that binds one substrate (A) and one allosteric effector (X). (b) (i) Differences between the conformation and/or dynamics of the enzyme complexes within circles in (ii) and (iii) are because of binding. (ii) The conformational and/or dynamic differences that occur when A binds in the absence, versus in the saturating presence, of X are allosteric effects. (iii) The conformational and/or dynamic differences that occur when X binds in the presence, versus in the absence, of A are allosteric effects. The two presentations of allosteric effects in (ii) and (iii) are because of reciprocity.
Trends in Biochemical Sciences Vol.33 No.9 not the complete allosteric mechanism. When X binds to the allosteric site of E (the two left cartoons), the protein again experiences allosterically relevant and allosterically irrelevant structural changes. Again, the allosterically relevant change is indicated by the shift in the lever in the central circle, but alone is not the complete allosteric mechanism. Allostery can only be realized when both X and A simultaneously bind to the enzyme (lower right protein). In this oversimplified model, the allosteric response would result from a steric clash of the two levers and is indicated by the conversion of the central circle to a square.
Several caveats should be underscored when considering Figure 2 . Real proteins have many potential forms of energetically unfavorable and favorable interactions, beyond a simple steric clash as illustrated. Changes in any of these interactions might contribute to the allosteric mechanism. In addition, multiple communication pathways are likely to contribute to the total allosteric response [19] [20] [21] [22] [23] [24] , instead of only one as illustrated. Depending on the contribution from altered protein dynamics, there might be no obvious connectivity in the conformational changes involved in any one communication pathway [25] . To introduce the final caveat, consider only a single molecular change in the protein that is required for allosteric function (e.g. movement of an amino acid side-chain). The relevant changes might occur between the complexes on the right side, but not between the complexes on the left side and vice versa. Similarly, the relevant changes could occur between the complexes on the top, but not between the complexes on the bottom and vice versa. In other words, a comparison of all four enzyme complexes identifies allosteric changes introduced in producing the XEA complex that are in addition to changes collectively introduced in producing the EA and EX complexes.
Because allostery can only be realized in the ternary complex, previous reviews of the thermodynamic analysis of allosteric systems have emphasized that the ternary complex cannot be ignored [11, 12] . However, the necessity of monitoring all four protein complexes will, at times, present a technical challenge because of difficulties in obtaining structural information of all four complexes. For example, when addressing inhibition, obtaining a homogeneous sample of the ternary XEA complex could be complicated by the mutual antagonism between the binding of A and X. A second technically challenging example is the difficulty encountered in obtaining structural information for enzyme complexes that are undergoing turnover.
An alternative strategy
In the event that the ternary complex cannot be obtained, the desired comparison of all four enzyme complexes (Figures 1 and 2) will not be possible. Therefore, we have identified an alternative strategy to identify allosteric selective protein changes. This strategy is based on our finding, in addition to those reported by others, that only specific protein-ligand interactions contribute to eliciting an allosteric response (similar to hot spots in proteinprotein interactions) [26, [27] [28] [29] [30] . Knowledge of these allosterically relevant interactions can direct the identification and/or design of a non-allosteric analog, a ligand that binds competitively with the allosteric ligand but does not elicit
Box 3. Advanced considerations
There are known cases of allostery for which the value of Q ax = 1. Here are two known underlying scenarios that can give rise to this 'silent' allosteric coupling. Each has a functional consequence that is masked by either compensation between entropy and enthalpy or energy compensation. Therefore, these cases are very different from long-range structural changes caused by the binding of a single ligand.
Condition 1
Because Q ax is the dissociation constant for the following reaction,
Q ax can be converted into free energies (DG ax ) [11, 12] . DG ax in turn comprises DH ax and ÀTDS ax components. If these two equally oppose each other, then Q ax would be unity (i.e. there is no allosteric coupling). However, the protein could experience structural changes associated with each of the two components. There are multiple reported examples of this compensation between entropy and enthalpy [39] [40] [41] [42] .
Condition 2
Multiple allosteric pathways can exist in a single protein [20] [21] [22] [23] [43] [44] [45] [46] [47] [48] [49] [50] [51] . Consider a protein that contains only two communicating pathways, one of which has a Q ax >1 (enhancement of binding affinity), whereas the second has a Q ax <1 (antagonism of binding affinity). If the magnitudes of the absolute values of the two Q ax parameters are equivalent, then no overall allosteric coupling will be observed. However, structural changes associated with the two pathways might be present.
Considering that any one protein might demonstrate both compensation between entropy and enthalpy and energy compensation between multiple communication pathways, conservation of allosteric mechanisms through evolution is questionable. Additionally, multiple types of energy-coupled events might involve longrange structural changes (Box 1). Any of these events could be conserved in a protein family. Therefore, proposed correlations between allosteric function and evolutionarily and/or co-evolutionarily conserved residues [52] [53] [54] require further testing (Supplementary Table 1 ). Figure 2 . A schematic of the four protein complexes of Figure 1 . These simplified illustrations demonstrate how some ligand-elicited changes in the protein structure will be relevant to allostery, but others will not. They also show why allostery is only realized in the ternary complex. Ligand-dependent structural changes are indicated by arrows and change in the exterior boarder of the protein. an allosteric effect on the binding of the second ligand. Comparing the EX complex with a complex between E and a non-allosteric analog (X 0 ) can identify allosteric-specific changes in protein properties (Figure 3a,b) . A similar comparison between an EA complex and an EA 0 complex (where A 0 is the non-allosteric analog of A) will identify additional changes in the protein that are important to the allosteric mechanism (Figure 3c,d) . However, these comparisons are not expected to identify all allosterically relevant changes in the protein structure because additional changes in protein properties are expected when the XEA complex is formed.
Future studies will need to determine if allostericspecific changes identified by the strategy in Figure 3 are sufficient for allosteric function or if allostery only results when these allosteric-specific changes are in addition to the changes elicited by the binding of X 0 and/ or A 0 (i.e. if the two sets of structural changes are additive to result in allosteric function). The structural resolution required to distinguish differences between the EX and EX 0 complexes and between the EA and EA 0 complexes is also yet to be determined.
Concluding remarks and future perspectives
The fundamental definition of allostery, as used here, relates to the way one ligand binds to a protein in the absence of, versus the presence of, the second ligand. This simple statement should direct all structural (both conformational and dynamic) studies aimed at describing molecular mechanisms of allosteric regulation. In addition, this simple functional description of allostery can be useful for allosteric drug design by targeting; (i) known allosteric effector-binding sites, (ii) amino acid residues that participate in the native allosteric mechanism (i.e. allosteric residues) or (iii) sites on the protein that are not involved in the native allosteric mechanism but are structurally altered as a consequence of substrate binding (Figure 4) . The linked equilibrium analysis and structural comparisons that can be used to describe and quantify functional allostery give rise to many contradictions to common assumptions (implicit and explicit) associated with allostery; these contradictions are extensively considered in Supplementary Table 1 . Therefore, the adoption of a functional based definition of allostery can have a considerable impact on future efforts to understand and use this 'second secret of life'. 
